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Late-stage CCR5 tropic human immunodeficiency virus type 1 (HIV-1) isolates (R5 HIV-1) can deplete
nearly all CD4� thymocytes from human thymus/liver grafts, despite the fact that fewer than 5% of these cells
express CCR5. To resolve this paradox, we studied the replication and cytopathic effects (CPE) of late-stage R5
HIV-1 biological clones from two progressors and two long-term nonprogressors (LTNP) in fetal thymic organ
culture (FTOC) with and without added cytokines. We found that R5 HIV-1 clones from progressors but not
LTNP were cytopathic in untreated FTOC. Moreover, R5 HIV-1 clones from progressors replicated to higher
levels than LTNP-derived R5 HIV-1 clones in this system. In contrast, when FTOC was maintained in the
presence of interleukin 2 (IL-2), IL-4, and IL-7, both progressor and LTNP clones exhibited similar replication
and CPE, which were equal to or greater than the levels achieved by progressor-derived R5 HIV-1 clones in
untreated FTOC. This finding was likely due to IL-2-induced CCR5 expression on CD4� thymocytes in FTOC.
R5 HIV-1 clones showed greater pathogenesis for CCR5� cells but also showed evidence of CPE on CCR5�

cells. Furthermore, infection of FTOC by R5 HIV-1 induced IL-10 and transforming growth factor � (TGF-�)
expression. Both IL-10 and TGF-� in turn induced CCR5 expression in FTOC. Induction of CCR5 expression
via cytokine induction by R5 HIV-1 infection of CCR5� thymocytes likely permitted further viral replication in
newly CCR5� thymocytes. CCR5 expression, therefore, is a key determinant of pathogenesis of R5 HIV-1 in
FTOC.

Human immunodeficiency virus type 1 (HIV-1) infection of
humans is characterized by the progressive loss of CD4� T
cells. Infection by most strains of HIV-1 requires interaction
with CD4 and a chemokine receptor, either CXCR4 or CCR5
(reviewed in reference 3). During early stages of HIV-1 infec-
tion, viral isolates most often use CCR5 to enter cells and are
known as R5 HIV-1 (11, 16, 21). Viral isolates that utilize
CXCR4 for entry usually arise later during the course of in-
fection and are known as X4 HIV-1 (13, 23). X4 HIV-1 species
are rarely transmitted and infrequently detected during the
asymptomatic stage of HIV-1 infection for reasons that are not
well understood (74). X4 HIV-1 becomes prevalent just before
or during the symptomatic stages of HIV-1 infection in approx-
imately 50% of individuals infected with clade B HIV-1 (12, 13,
60, 65, 70). In vivo and in vitro studies have shown that X4
HIV-1 is often more cytopathic than R5 HIV-1 (10, 13, 27, 37,
48, 49, 65). The greater cytopathic effects (CPE) of X4 strains
are likely due to the greater fraction of thymocytes and T cells
that express CXCR4 than that expressing CCR5 (4, 6, 48, 53,
56, 69, 79). CXCR4 is expressed on a majority of CD4� T cells
and thymocytes, whereas only about 5 to 25% of mature T cells

and 1 to 5% of thymocytes express detectable levels of CCR5
on the cell surface. Nonetheless, only about 50% of AIDS
patients acquire X4 HIV-1, so it is clear that R5 HIV-1 causes
AIDS. In vitro, late-stage AIDS-associated R5 HIV-1 clones
replicate more rapidly and exhibit greater CPE than pre-AIDS
R5 HIV-1 clones from the same patients, indicating that viral
evolution to a more pathogenic phenotype occurs within the
CCR5 tropic species (18, 47, 66).

The mechanism by which R5 HIV-1 depletes CD4� T cells
in infected individuals remains poorly characterized. Both de-
creased thymic production and increased destruction of CD4�

T cells by a number of mechanisms have been proposed to play
a role in CD4�-T-cell depletion (28, 50). Infection of the
thymus may be an important step in the development of AIDS
(36, 45). By infecting and destroying the thymus, HIV-1 blocks
the development of new CD4� T cells, leading to more rapid
progression to AIDS and death. Stimulation of naı̈ve T cells by
HIV-1, however, also plays a role in T-cell replacement (29,
30). Nevertheless, HIV-1 infection of the thymus has been
documented in children and adults and has been shown to
correlate with more rapid progression to AIDS and death in
children (19, 20, 45, 54).

We and others have studied HIV-1 infection of the thymus
by using severe combined immune-deficient mice implanted
with human fetal thymus and liver tissue (SCID-hu mice),
originally developed by McCune and colleagues (1, 7, 10, 34,
46, 51, 66). Late-stage AIDS-associated R5 HIV-1 clones are
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cytopathic and replicate well in SCID-hu mice, despite the fact
that few thymocytes express CCR5 (43, 66, 69, 79). This par-
adox was one impetus for the studies described in this paper.
We infected human fetal thymic organ culture (FTOC) with
R5 HIV-1 from progressors and long-term nonprogressors
(LTNP) to study their replication and CPE. We also measured
the induction of cytokines by HIV-1 infection in FTOC since
cytokines have multiple effects on HIV-1 infection of T lym-
phocytes and macrophages. The expression of CXCL10, trans-
forming growth factor �1 (TGF-�1), interleukin 10 (IL-10),
and other cytokines are increased in HIV-1-infected individu-
als (24, 40, 44, 55). IL-10 and TGF-�1 have been implicated in
the up-regulation of CCR5 on human monocytes, monocyte-
derived macrophages, and monocyte-derived dendritic cells (8,
33, 61, 67, 76). HIV-1-induced expression of IL-10 and IFN-�
also leads to higher expression of major histocompatibility
complex class I (MHC-I) on double positive (DP) thymocytes
(39, 46). The pattern of expression of these cytokines and their
effects on chemokine receptor and MHC-I expression have
important implications for HIV-1 pathogenesis. Our results
suggest a mechanism to explain the nearly complete depletion
of CD4� thymocytes by late-stage R5 HIV-1 despite infre-
quent expression of CCR5 on thymocytes.

MATERIALS AND METHODS

Antibodies and cytokines. CD3-fluorescein isothiocyanate (FITC), CD4-phy-
coerythrin (PE), CD7-FITC, CD8-allophycocyanin (APC), CD16-PE, CD11b-
APC, and appropriate isotype control monoclonal antibodies (MAb) were ob-
tained from Caltag Laboratories (Burlingame, Calif.). Anti-CCR5 MAb 2D7-
APC, CD90-APC, and CMRF-56-FITC were purchased from Pharmingen (San
Diego, Calif.). CD8-peridinin chlorophyll protein (PerCP) was obtained from
Becton Dickinson Immunocytometry Systems (San Jose, Calif.). To identify
HIV-1-infected cells, anti-p24 MAb KC57-FITC from Coulter (Miami, Fla.) was
used. IL-2, IL-4, IL-7, IL-10, and TGF-�1 were obtained from R&D Systems,
Inc., Minneapolis, Minn.

Preparation and titration of HIV-1 stocks. HIV-1 biological clones were ob-
tained from the Amsterdam cohort study. HIV-1 was cloned from patients by
limiting dilution of patient peripheral blood mononuclear cells (PBMC) cocul-
tured with stimulated normal donor PBMC as previously described (18). Viral
stocks were amplified by infection of 2-day phytohemagglutinin- and IL-2-stim-
ulated healthy donor PBMC. One-half of the virus-containing supernatants were
removed every 2 days and replaced with fresh medium containing IL-2. Fresh
stimulated PBMC were added 7 days postinfection if viral titers of the collected
supernatants had not peaked. Virus-containing supernatants were aliquoted and
frozen at �80°C until needed. The titer of virus in each supernatant was assayed
by limiting dilution infection of 2-day phytohemagglutinin- and IL-2-stimulated
healthy donor PBMC, followed 1 week later by assay of supernatant reverse
transcriptase activity.

Human FTOC, HIV-1 infection, and cell isolation. Human fetal thymic tissue
of 20 to 24 weeks’ gestation was obtained from Advanced Bioscience Resources
(Alameda, Calif.). The tissue was washed, dissected into pieces of approximately
8 mm3 in size under a low-power stereomicroscope, and placed into Iscove’s
medium supplemented with 10% fetal bovine serum, minimal essential medium
vitamin solution, 50 �g of gentamicin/ml (all from Life Technologies, Rockville,
Md.), and insulin-transferrin-sodium selenite medium supplement (Sigma, St.
Louis, Mo.). Tissue pieces were immediately infected with an 8 � 103 50% tissue
culture infectious dose (TCID50) per tissue by rocking for 2 h at 37°C and
compared to uninfected control tissue. Following infection, the tissue pieces
were transferred to sterile organ culture membranes (Millipore) floating on the
same medium as used for infection in a six-well tissue culture plate (Corning).
FTOC was carried with or without the addition of IL-2 (20 IU/ml), IL-4 (0.5
ng/ml), and IL-7 (1 ng/ml). FTOC was maintained for 12 to 20 days with daily
medium changes. Tissue was harvested every 3 days beginning 6 days postinfec-
tion or as stated in the text, and a single cell suspension was made by mincing the
tissue with two scalpels in Iscove’s medium supplemented with 2% fetal bovine
serum and gentamicin. The cells were filtered through 70-�m nylon mesh and

used for subsequent assays. In some cases, uninfected FTOC was cultured with
IL-10 (2 ng/ml), TGF-�1 (2 ng/ml), or both cytokines.

Thymic aggregate culture. Human fetal thymic tissue of 20 to 24 weeks’
gestation was obtained from Advanced Bioscience Resources. The tissue was
washed, and cells were liberated by using two scalpels, filtered through 70-�m
nylon mesh to remove large clumps, and seeded at 2.5 � 106 per well in a
U-bottom 96-well plate in Iscove’s medium supplemented with 10% fetal bovine
serum, minimal essential vitamin solution, 50 �g of gentamicin/ml (all from Life
Technologies), insulin-transferrin-sodium selenite medium supplement (Sigma),
and IL-7 (1 ng/ml). Sixty percent of the medium was removed and replaced with
fresh medium every second day without dispersing the thymic aggregates. To
characterize the cell types which constitute thymic aggregate culture (TAC),
TAC was prepared as described above and compared with cells liberated from
fetal thymic tissue by treatment with 0.2 mg of collagenase B (Roche, Indianap-
olis, Ind.)/ml and 100 U of DNase (Sigma)/ml in Hanks balanced salt solution
without phenol red for 45 min. These cells were also filtered through a 70-�m
nylon mesh, and both cell populations were stained with a variety of MAb to
detect minor cell types by flow cytometry on a FACSCalibur instrument.

Flow cytometry. Flow cytometry was used to characterize cell surface expres-
sion of CD3, CD4, CD7, CD8, CCR5, HLA-A2, and internal p24 in human
thymocytes derived from FTOC. For surface staining, 2 � 106 cells were incu-
bated with each MAb for 30 to 60 min at 4° in the dark. Cells were washed twice
with phosphate-buffered saline (PBS) plus 0.02% sodium azide and then sub-
jected to internal staining if desired. Subsequently, the cells were resuspended in
200 �l of PBS with 2% formaldehyde and incubated overnight at 4° in the dark
prior to flow cytometry. For internal staining following surface staining, cells
were resuspended in 100 �l of PBS containing 2% fetal bovine serum (FBS), 1%
paraformaldehyde, 1 mg of human IgG (technical grade; Sigma)/ml, and 1%
Tween 20 and incubated for 1 h at room temperature. Following two washes in
PBS containing 2% FBS, cells were incubated with KC57-FITC anti-p24 MAb
(1:50 dilution in PBS containing 2% FBS and 1% paraformaldehyde) for 30 min
at room temperature in the dark. Cells were then washed two times in PBS
containing 2% FBS and fixed in 200 �l of PBS with 2% formaldehyde as
mentioned above prior to flow cytometry. Cells were analyzed by using a
FACSCalibur flow cytometer and Cellquest Pro software (Becton Dickinson
Immunocytometry Systems). Cell populations analyzed were defined based on
their low angle and 90° light scattering properties. Unstained or isotype control
MAb-stained cells were used to set markers defining positive reactivity.

Viral replication and cytokine production. FTOC medium was collected 4, 6,
9, and 12 days postinfection and centrifuged for 3 min at 1,000 � g to remove
cells. Acellular FTOC medium was assayed for HIV-1 capsid protein p24 by
enzyme-linked immunosorbent assay (ELISA; NEN Life Science Products, Bos-
ton, Mass.) to detect viral replication. FTOC medium was also assayed for IL-10
and TGF-�1 by ELISA as described by the manufacturer (R&D Systems).

Statistical methods. We used analysis of variance to determine the statistical
significance of the results and adjust for intraexperimental variation. In addition,
we adjusted for multiple comparisons by using Dunnett’s test when we compared
groups to a control and the Tukey test for all pairwise comparisons. Statistical
tests were done with SAS statistical software (versions 6.12 and 8.2; SAS Insti-
tute, Cary, N.C.).

RESULTS

R5 HIV-1 biological clones are cytopathic in FTOC. HIV-1
biological clones were isolated late in the course of infection
from two individuals who progressed to AIDS and two LTNP;
all four had normal CCR5 and CCR2b genotypes (Table 1). Of
the two individuals who progressed to AIDS, one was a rapid
progressor (RP1), and the other progressed at a near average
pace (P1) Both LTNP were asymptomatic for more than 12
years and had viral loads below 5,012 HIV-1 RNA copies per
ml of plasma at the time of virus isolation. In contrast, both
progressors had viral loads greater than 39,810 HIV-1 RNA
copies per ml of plasma at the time of virus isolation. All
HIV-1 clones were restricted to CCR5 use, as no replication
was detected in peripheral blood mononuclear cells from
CCR5 �32/�32 donors (18). We studied the replication and
CPE of each R5 HIV-1 clone in FTOC in comparison to
uninfected control FTOC. The X4 HIV-1 molecular clone

VOL. 79, 2005 R5 HIV-1 PATHOGENESIS IN FTOC 459



NL4-3 was used as a positive control for viral replication and
virally induced CPE. In a preliminary experiment, we com-
pared two methods of gating on live thymocytes: low-angle
versus 90° light scatter gating and 7-amino-actinomycin D ex-
clusion. We found that both methods gave very similar results
in terms of the populations defined by CD4 and CD8 double
staining for uninfected and HIV-1-infected and depleted-cell
populations (see Fig. S1 in the supplemental material). We
therefore used light scatter gating to study the effects of HIV-1
infection on thymocytes in all subsequent experiments, since it
allowed us to use all available fluorescence channels to study
specific cell surface and internal proteins.

FTOC was infected with 8 � 103 TCID50 of HIV-1. Culture
was initiated immediately after infection. Cells were recovered
from FTOC 2 weeks postinfection and analyzed for CD4�

thymocyte depletion as an indicator of viral CPE. In uninfected
FTOC 2 weeks after the initiation of culture, approximately
70% of light scatter-gated thymocytes expressed CD4 (Fig. 1A
and B), including both mature CD4� CD8� single-positive
cells (CD4SP) and immature CD4� CD8� double-positive thy-
mocytes (DP). In FTOC infected with the long-term nonpro-
gressor-derived HIV-1 clone LTNP2, no change was seen in
the average percentage of thymocytes that expressed CD4 2
weeks postinfection (Fig. 1B). In contrast, R5 HIV-1 progres-
sor clone P1-infected FTOC had an average of 51% of light
scatter-gated thymocytes expressing CD4. In NL4-3-infected
FTOC, 28% of the thymocytes remaining 2 weeks postinfec-
tion expressed CD4. The depletion of CD4� thymocytes by P1
was significant compared to uninfected FTOC (P � 0.002) and
LTNP2 (P � 0.01) in three separate experiments. The deple-
tion of mature CD4SP cells was also apparent from changes in
the ratio of CD4SP to CD8SP cells (Fig. 1C). In three exper-
iments, the average CD4SP-to-CD8SP ratio in uninfected
FTOC was 2.5. This ratio was significantly reduced by infection
with the R5 HIV-1 LTNP2 clone (CD4SP-to-CD8SP ratio, 1.7;
P � 0.01), by infection with the R5 HIV-1 progressor clone P1
(CD4SP-to-CD8SP ratio, 1.2; P � 0.0001), and by infection
with the X4 HIV-1 molecular clone NL4-3 (CD4SP-to-CD8SP
ratio, 0.6; P � 0.0001). These results show that the progressor-
derived R5 HIV-1 clone, P1, was more cytopathic in FTOC
than the LTNP2 clone, but not as cytopathic as NL4-3. More-
over, LTNP2 was more efficient in depleting mature CD4 SP
thymocytes since it significantly altered the ratio of CD4SP to
CD8SP cells but did not significantly deplete the total CD4�

thymocyte population. To study whether the differences in
CPE mediated by the R5 HIV-1 clones P1 and LTNP2 were
due to differences in the levels or kinetics of viral replication,
virus production in FTOC was measured. This measurement
was done by assaying the accumulation of HIV-1 capsid anti-

gen p24 in FTOC supernatant by ELISA. P1 produced two- to
threefold more p24 than LTNP2 at the peak of viral replication
in a representative experiment (Fig. 1D).

The dichotomy in CPE mediated by progressor- and LTNP-
derived R5 HIV-1 clones was lost in cytokine-treated FTOC.
FTOC was infected with 8 � 103 TCID50 of HIV-1 or not
infected and then cultured in the presence of IL-2, IL-4, and
IL-7. Thymocytes were recovered 6, 9, and 12 days postinfec-
tion, stained with CD4 and CD8 MAb, and analyzed by flow
cytometry for depletion of CD4� thymocytes. Representative
dot plots show the percentages of DP, CD4SP, and CD8SP
thymocytes in uninfected FTOC and the depletion of CD4SP
and DP thymocytes in HIV-1-infected FTOC (Fig. 2A). We
also determined the total numbers of DP, CD4SP, and CD8SP
cells remaining in FTOC 6, 9, and 12 days postinfection with
HIV-1 compared with uninfected FTOC. CD4� thymocyte
depletion mediated by R5 HIV-1 infection of FTOC was evi-
dent from the reduced numbers of CD4� thymocytes remain-
ing compared to uninfected FTOC (Fig. 2B). An average of
half as many CD4SP thymocytes remained 12 days following
R5 HIV-1 infection compared to uninfected FTOC. The de-
pletion of CD4SP thymocytes by progressor- and LTNP-de-
rived R5 HIV-1 was significant on day 9 (P � 0.001 for pro-
gressor clones and P � 0.002 for LTNP clones) and day 12 (P
� 0.0001 for both clones) postinfection. R5 HIV-1 infection
also significantly depleted DP thymocytes from FTOC 12 days
postinfection (P � 0.0002 for progressor clones and P � 0.01
for LTNP clones), although the magnitude of this effect was
smaller than the depletion of CD4SP thymocytes. In contrast,
a concomitant increase in the number of CD8SP thymocytes
was observed with R5 HIV-1- and NL4-3-infected FTOC.
Two- to threefold more CD8SP cells were found in HIV-1-
infected FTOC than in uninfected FTOC on days 9 (P �
0.0001) and 12 (P � 0.0001) postinfection. These observations
strongly suggested that depletion of CD4� thymocytes in
FTOC was specific and mediated directly by HIV-1 infection,
since HIV-1 depleted CD4� thymocytes and spared CD8�

thymocytes. Moreover, HIV-1-infected FTOC was always com-
pared with uninfected FTOC in order to control for the back-
ground of cell death in FTOC. Our results clearly validate
FTOC as a model system to study HIV-1 pathogenesis.

Since our data suggest that some DP thymocytes in FTOC
mature to CD4SP and CD8SP cells but are not replaced, we
included both DP and CD4SP thymocytes to determine the
percentage of thymocytes lost due to HIV-1 infection. In un-
infected FTOC 6 and 9 days after the initiation of culture, an
average of approximately 80% of light scatter-gated thymo-
cytes expressed CD4 (Fig. 2C). By day 12 of culture, however,
a slight decline in the percentage of CD4� thymocytes had

TABLE 1. Progressor- and nonprogressor-derived HIV-1 biological clonesa

Patient (phenotype) Diagnosis (MASCOSE) CCR5 Type CCR2 Type Clone MASCOSE RNA load (log
copies/ml of serum)

ACH 424 (RP) EC (38) �/� �/� 424.18.c2 (RP1) 43 4.7
ACH 142 (P) KS (109) �/� �/� 142.�E11 (P1) 93 4.6
ACH 441 (LTNP) AS (152) �/� �/� 441.39.2g10 (LTNP1) 111 3
ACH 583 (LTNP) AS (149) �/� �/� 583.38.1a5 (LTNP2) 109 3.7

a AS, asymptomatic; EC, esophageal candidiasis; KS, Kaposi’s sarcoma; MASCOSE, months after seroconversion or study entry.
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FIG. 1. R5 HIV-1 progressor clone depletes CD4� thymocytes in untreated FTOC. FTOC was prepared and maintained without added
cytokines, as described in Materials and Methods, and was then infected with the X4 HIV-1 molecular clone NL4-3 (n 	 4), R5 HIV-1 progressor
clone P1 (n 	 6), R5 HIV-1 long-term nonprogressor clone LTNP2 (n 	 6), or was not infected (n 	 6). NL4-3 was used in two experiments done
in duplicate. P1 and LTNP2 were used in three experiments done in duplicate along with the uninfected control FTOC (Uninf.). Two weeks
postinfection, cells were isolated, incubated with CD4-PE and CD8 PerCP, and analyzed with a FACSCalibur flow cytometer. (A) Representative
dot plots showing CD4 and CD8 expression on thymocytes recovered from FTOC 2 weeks postinfection with the indicated HIV-1 clone or from
the uninfected control. (B) The average percentages of CD4� thymocytes (CD4SP and DP) remaining 2 weeks postinfection with the indicated
HIV-1 clone or in uninfected control FTOC are shown, with error bars indicating the standard errors of the means (SEM) for two to three
independent experiments done in duplicate. (C) Bars indicate the average ratios of the percentages of CD4SP cells to CD8SP cells remaining 2
weeks postinfection with the indicated HIV-1 clone or in uninfected control FTOC. The error bars indicate the SEM for two to three independent
experiments done in duplicate. (D) Viral replication in FTOC was quantified by measuring HIV-1 capsid antigen (p24) concentration in FTOC
medium with a commercial ELISA kit (NEN Life Science Products). The bars represent viral replication on days 6 and 9 postinfection in a
representative experiment.

VOL. 79, 2005 R5 HIV-1 PATHOGENESIS IN FTOC 461



462 CHOUDHARY ET AL. J. VIROL.



occurred so that an average of 70% of the light scatter-gated
thymocytes expressed CD4. In contrast, FTOC infected by
progressor- or LTNP-derived R5 HIV-1 clones had a markedly
smaller percentage of CD4� thymocytes: 40 to 60% of the total
cells on day 9 and 35 to 40% on day 12 postinfection (Fig. 2B).
This CD4� thymocyte depletion was significant overall in
seven separate experiments on day 9 (P � 0.0001) and day 12
(P � 0.0001) postinfection for FTOC infected with progressor
clones P1 and RP1 and LTNP clones LTNP1 and LTNP2.
There was no significant difference, however, in the CPE me-
diated by progressor- and LTNP-derived R5 HIV-1 clones in
cytokine-treated FTOC on day 9 or 12 postinfection. The X4
HIV-1 clone NL4-3 was more cytopathic than any of the pri-
mary R5 HIV-1 clones we tested. NL4-3 infection depleted
CD4� thymocytes more severely both 9 (P � 0.0001) and 12 (P
� 0.0001) days postinfection than any of the R5 HIV-1 clones.
By 12 days postinfection, an average of only 10% of the re-
maining thymocytes in NL4-3-infected FTOC were CD4�.

A significant drop in the ratio of CD4SP to CD8SP thymo-
cytes also occurred by 9 (P � 0.002) and 12 (P � 0.002) days
postinfection with each of the R5 HIV-1 clones and NL4-3 in
comparison to uninfected FTOC, as shown in a representative
experiment (Fig. 2D). In uninfected FTOC, the ratio of
CD4SP to CD8SP thymocytes was between 2 and 3.2 in dupli-
cate FTOC during the entire course of the culture. In contrast,
this ratio was significantly reduced 6 days postinfection with all
but one (RP1) of the HIV-1 clones used. On days 9 and 12 of
infection, the CD4SP-to-CD8SP ratio was less than one for all
R5 HIV-1-infected FTOC and control X4 HIV-1-infected
FTOC. Moreover, the depletion of mature CD4SP thymocytes
mediated by the R5 HIV-1 clones, indicated by the change in
the CD4SP-to-CD8SP ratio, was more similar to the CD4SP
cell depletion mediated by NL4-3 than was the overall deple-
tion of CD4� thymocytes. This finding confirms what we have
previously seen with SCID-hu mice: mature CD4� thymocytes
are more susceptible to depletion by R5 HIV-1 infection than
immature DP thymocytes (66, 69). Altogether, these observa-
tions clearly showed that R5 HIV-1 depleted CD4� thymo-
cytes in FTOC. Moreover, since the LTNP2-derived R5 HIV-1
clone did not deplete thymocytes in FTOC when cultured in
the absence of cytokines IL-2, IL-4, and IL-7, we can rule out

the possibility that other factors present in the virus stocks
were a cause of thymocyte depletion.

To study whether the differences in CPE mediated by the R5
HIV-1 clones and NL4-3 were due to differences in the levels
or kinetics of viral replication, virus production in cytokine-
treated FTOC was measured. We observed similar replication
levels and kinetics for NL4-3 and R5 HIV-1 clones until day 6,
when replication peaked in most cases, except for R5 HIV-1
clone RP1, which exhibited more variability (Fig. 2E). After
day 6, a gradual decline in viral load was observed for FTOC
infected with R5 HIV-1 biological clones. The decline in viral
load, however, was more rapid in NL4-3-infected FTOC than
in R5 HIV-1-infected FTOC. This result was likely due to the
fact that NL4-3 was more cytopathic in FTOC than the R5
HIV-1 clones we used (Fig. 1B and C; Fig. 2A to D). Never-
theless, the R5 HIV-1 clones replicated to levels as high as
those for NL4-3, when measured by the accumulation of p24 in
FTOC medium. Since fewer CD4� thymocytes express CCR5
than CXCR4, however, the R5 HIV-1 clones likely produced
more virus per infected cell in cytokine-treated FTOC than the
X4 HIV-1 molecular clone, NL4-3.

To investigate whether cytokine treatment led to an increase
in the numbers of target cells for R5 HIV-1 clones, the expres-
sion of CCR5 was checked in untreated and cytokine-treated
FTOC on day 7 of culture. We observed a more-than-fourfold
increase in CCR5 expression on CD4� thymocytes induced by
IL-2 treatment alone (Fig. 3A). Little effect on CCR5 expres-
sion on CD4� thymocytes in FTOC was mediated by IL-4 or
IL-7 alone or both cytokines together. We also measured
CCR5 expression on two CD4� thymocyte subpopulations in
uninfected control FTOC and found that a greater percentage
of CD4SP thymocytes express CCR5 than DP thymocytes (Fig.
3B and C; Fig. 4A). IL-2 increased CCR5 expression primarily
on mature CD4SP thymocytes, and the addition of IL-4 or IL-4
and IL-7 further increased the fraction of mature thymocytes
that expressed CCR5 (Fig. 3B and C). These findings sug-
gested that CD4SP thymocytes are better targets of R5 HIV-1
infection than DP thymocytes and explained why CD4SP thy-
mocytes were more significantly depleted by R5 HIV-1 infec-
tion in cytokine-treated FTOC.

FIG. 2. HIV-1 replication and cytopathic effects in cytokine-treated FTOC infected ex vivo. FTOC was infected with the X4 HIV-1 molecular
clone NL4-3, R5 HIV-1 progressor clone P1, R5 HIV-1 rapid progressor clone RP1, R5 HIV-1 long-term nonprogressor clones LTNP1 and
LTNP2, or not infected. FTOC was maintained with IL-2, IL-4, and IL-7 for 12 days with daily medium changes. At 6, 9, and 12 days postinfection,
cells were isolated and incubated with CD4-PE and CD8-PerCP. CD4� T-cell depletion was assessed by flow cytometry with a FACSCalibur
instrument. (A) Representative dot plots showing two-color staining of thymocytes in FTOC. Thymocyte expression of CD4 and CD8 are
represented in the dot plot for each time point; the percentages of all gated cells found in each positive quadrant are shown. (B) The data shown
are the average numbers of light scatter-gated DP, CD4SP, and CD8SP thymocytes analyzed in cytokine-treated FTOC on day 6, 9, and 12
postinfection with NL4-3, progressor-derived R5 HIV-1, LTNP-derived R5 HIV-1 or uninfected control. The numbers of samples used to obtain
the data on days 6, 9, and 12 postinfection, respectively, are as follows: n 	 10, 20, and 20 for the uninfected control; n 	 10, 14, and 14 for NL4-3;
n 	 4, 9, and 9 for P1; n 	 8, 19, and 19 for RP1; n 	 5, 8, and 7 for LTNP1; and n 	 4, 8, and 10 for LTNP2. Data from infections by the two
progressor-derived R5 HIV-1 clones were averaged, as were data from infections by the two LTNP-derived R5 HIV-1 clones. (C) The results
shown are the average percentages of CD4� thymocytes (CD4SP and DP), with error bars indicating the SEM for four to seven independent
experiments repeated two, three, or five times. The number of experiments averaged was the same as for panel B. (D) The ratio of CD4SP-to-
CD8SP thymocytes is shown for HIV-1-infected or uninfected FTOC. Data from one representative experiment of seven separate FTOC
experiments are shown. Data for duplicate cultures are shown with adjacent bars. (E) Viral replication was quantified by measuring HIV-1 capsid
antigen (p24) concentration in FTOC medium on day 4, 6, 9, and 12 postinfection with a commercial ELISA kit (NEN Life Science Products).
Each dot represents measurement of the medium from an individual FTOC; the bars show the average values. Uninf., uninfected control.
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R5 HIV-1 biological clones preferentially depleted CCR5�

CD4SP and DP thymocytes. Internal staining of HIV-1 p24,
along with surface staining of CD4, CD8, and CCR5, showed
that R5 HIV-1 clones preferentially infected and depleted the
CD4SP CCR5� and DPCCR5� thymocyte subset (Fig. 4). The
percentages of CD4SP cells expressing CCR5 in FTOC were
substantially reduced by P1 or LTNP1 infection (11.3% and
9.1%, respectively) compared to NL4-3 or uninfected FTOC
(25.1% and 22.4%, respectively) 6 days postinfection (Fig. 4A).
Similarly, the percentages of DP thymocytes expressing CCR5
were reduced approximately twofold by P1 infection and four-
fold by LTNP1 infection compared to NL4-3 or uninfected
FTOC. Twelve days postinfection, 8 to 10% of the remaining
thymocytes in uninfected FTOC were CD4� CCR5� (Fig. 4B).
In NL4-3-infected FTOC, however, the cells that remained 12
days postinfection were enriched for CCR5 expression, with 10
to 16% expressing CD4 and CCR5. In contrast, for any of four
R5 HIV-1 biological clones derived from progressors or LTNP
at 12 days after FTOC infection, approximately 5% of the

remaining thymocytes were CD4� CCR5�, showing preferen-
tial depletion of CD4� CCR5� thymocytes by R5 HIV-1. The
preferential depletion of CCR5� thymocytes by R5 HIV and
their preservation following infection by X4 HIV-1 suggested
that CPE were primarily mediated directly by HIV-1 infection.
Infection by R5 HIV-1 clones had a smaller effect on the
percentage of thymocytes remaining that were CD4�CCR5�,
while infection with the X4 HIV-1 molecular clone NL4-3
profoundly depleted this thymocyte population by days 9 and
12 postinfection (Fig. 4C). Nevertheless, the partial depletion
of these cells 12 days postinfection with the R5 HIV-1 clones
P1, RP1, and LTNP2 was statistically significant (P 	 0.03,
0.02, and 0.02, respectively) suggesting that CPE was in part
due to indirect or bystander killing of uninfected cells. Up-
regulation of MHC-1 expression on thymocytes by HIV-1 in-
fection and induction of inflammatory cytokines CXCL10 and
oncostatin M may have contributed to this indirect CPE (data
not shown).

A small percentage of the CD4SP and DP cells in the HIV-1-
infected cultures expressed HIV-1 p24 internally, indicating
that they were infected. The fraction of DN and CD8SP thy-
mocytes that expressed p24 internally, however, was usually
greater than the percentage of CD4SP or DP thymocytes that
had internal p24. This result was likely due to CD4 down-
modulation in infected cells that were CD4� prior to infection.
Furthermore, in R5 HIV-1-infected FTOC a substantial por-
tion of the internal p24 was found in CCR5� cells, indicating
that CCR5 was also down-modulated by infection. Neverthe-
less, the contribution of CD4 down-modulation to our mea-
surement of CD4� thymocyte depletion was relatively minor,
as shown in Fig. 5.

CD4� thymocyte depletion following R5 HIV-1 infection is
not due to CD4 down-modulation by HIV-1. We considered the
possibility that the observed depletion of CD4� thymocytes
was in part due to HIV-1-mediated down-modulation of CD4
on infected thymocytes. To test this hypothesis, cells were
recovered 6, 9, and 12 days postinfection and stained for sur-
face expression of CD4 and CD8 and then for internal expres-
sion of HIV-1 capsid p24. CD4SP, DP, CD8SP, and DN thy-
mocytes were separately gated and analyzed for HIV-1
infection by internal p24 staining. If HIV-1 infection caused
enough CD4 down-modulation for thymocytes, which were
previously CD4SP or DP, to be negative for surface CD4, then
we would expect to see internal p24� cells in the DN and
CD8SP quadrants, respectively. The sum of the p24� DN and
p24� CD8SP cell populations constitutes the number of pre-
viously CD4� thymocytes, which lost CD4 expression due to
down-modulation by HIV-1. This population of cells, however,
constituted only a minor fraction of the total light scatter-gated
thymocytes (always less than 10%). In fact, the percentage of
CD4 down-modulated thymocytes exceeded 5% of the total for
NL4-3-infected FTOC only on days 9 (9%) and 12 (8%)
postinfection and was always less than 5% of thymocytes for
R5 HIV-1-infected FTOC. Therefore, the percentage of thy-
mocytes that had down-modulated CD4 was far less than the
percentage of CD4� thymocyte depletion we observed. Figure
5 shows the percentage of thymocytes which were CD4� re-
maining in FTOC following HIV-1 infection (light portions of
the bars) plus the percentage that down-modulated CD4 due
to HIV-1 infection (dark portions of the bars). The total height

FIG. 3. Cytokine treatment induces CCR5 expression on CD4�

thymocytes. FTOC was maintained with or without the cytokines IL-2,
IL-4, and IL-7, alone or in combination, as indicated and as described
in Materials and Methods. Thymocytes were recovered on day 7 and
incubated with CD3-FITC, CD4-PE, CD8-PerCP, and anti-CCR5
(2D7-APC). The cells were gated on CD3, and CCR5 expression was
measured on (A) total CD4� thymocytes, (B) CD4SP thymocytes, or
(C) DP thymocytes. Mock, mock-infected control.
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FIG. 4. Depletion of CCR5� and CCR5� thymocytes and down-modulation of CD4 and CCR5 in HIV-1-infected, cytokine-treated FTOC.
FTOC was infected with the X4 HIV-1 molecular clone NL4-3, R5 HIV-1 biological clones P1 and LTNP2 or not infected. FTOC was cultured
with cytokines as described for Fig. 2, and thymocytes were recovered 6, 9, and 12 days postinfection and incubated with CD4-PE, CD8-PerCP,
CCR5-APC and then fixed, permeabilized, and incubated with anti-HIV-1 p24 (KC57-FITC) as described in Materials and Methods. (A) Data are
from one representative experiment showing cell surface CCR5 expression and internal HIV-1 capsid antigen (p24) expression among the four
major subsets of light scatter-gated thymocytes defined by CD4 and CD8 expression 6 days postinfection as indicated. (B) The bars represent the
percentage of light scatter-gated thymocytes remaining in representative FTOC that were CD4 positive and CCR5 positive or (C) CD4 positive
and CCR5 negative on the indicated day postinfection with NL4-3, the indicated R5 HIV-1 clone or in the uninfected control (Uninf.).
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of each bar in Fig. 5 depicts the percentage of CD4� thymo-
cytes remaining in FTOC plus the percentage of CD4� HIV-1
p24� cells. The differences in the overall heights of the bars in
Fig. 5 between uninfected and HIV-1-infected FTOC repre-
sent the fractions of CD4� thymocytes depleted, corrected for
CD4 down-modulation.

IL-10 and TGF-�1 were induced by HIV-I infection of
FTOC. A preliminary cDNA array experiment, which we per-
formed in collaboration with Millennium Pharmaceuticals, in-
dicated that many cytokines were induced by HIV-1 infection
of SCID-hu thymus/liver grafts (data not shown). We used
commercial ELISA kits to measure IL-10 and TGF-�1 induc-
tion in FTOC since these cytokines have been implicated in
CCR5 up-regulation on human monocyte-derived macro-
phages and dendritic cells (77). The cytokines were measured
4, 6, 9, and 12 days postinfection with FTOC for the X4 HIV-1
clone NL4-3 and the R5 HIV-1 clone P1 (Fig. 6). Despite
different levels of infection by NL4-3 and P1, we saw patterns
of cytokine induction that were consistent in their magnitudes
and temporal patterns following infection with either virus in
the presence of IL-2, IL-4, and IL-7. IL-10 was induced at the
peak of viral replication, on day 6 postinfection, with both
viruses. In contrast, TGF-�1 was induced on day 4 postinfec-
tion with P1 or NL4-3 and was elevated to even higher levels
for the remaining period of culture. The increase in TGF-�1 in
FTOC medium was significant following both NL4-3 and P1
infection on day 9 (P � 0.005) and day 12 (P � 0.01).

IL-10 and TGF-�1 induced CCR5 expression on CD4� thy-
mocytes. We checked whether IL-10 and TGF-�1 could in-
crease the expression of CCR5 on CD4� thymocytes in FTOC
when added at a concentration similar to those detected in R5
HIV-1-infected FTOC medium. FTOC was carried out in the
absence or presence of IL-10 (2 ng/ml), TGF-�1 (2 ng/ml), or
both cytokines and without other cytokines. CCR5 expression
on CD4� thymocytes was determined on day 7 by flow cytom-

etry. IL-10 or TGF-�1 treatment of FTOC, or treatment with
both cytokines, caused a two- to threefold increase in the
percentages of CCR5 expressing CD4� thymocytes in a rep-
resentative experiment (Fig. 7A). We averaged results from
three experiments in which CCR5 expression was measured on
day 7 (Fig. 7B). The average increase in FTOC cells expressing
CCR5 following IL-10 or TGF-�1 treatment was twofold,
while for FTOC-treated with IL-10 and TGF-�1 together, a
2.3-fold increase in CCR5 expression was observed, which was
statistically significant (P 	 0.01) (Fig. 7B).

We also measured the time course of CCR5 expression on
CD4� thymocytes in TAC, similar to the human lymphoid
aggregate culture system described by Eckstein et al. (22).
TAC was prepared from fresh fetal thymic tissue by dispersal
with scalpels followed by filtration to remove large clumps.
This method gave similar percentages of thymocyte subpopu-
lations, as well as thymic epithelial cells, dendritic cells, and
macrophages, as those found in collagenase B-digested thymic
tissue (38). Both methods gave 1 to 2% CD90� thymic epithe-
lial cells, 1 to 3% CMRF-56� dendritic cells, and 3 to 6%
CD11b� macrophages, although the collagenase method gave
higher cell viability (31, 57). TAC allowed us to plate the cells

FIG. 5. Down-modulation of CD4 on HIV-1-infected thymocytes is
a minor component of the CD4� thymocyte depletion seen following
HIV-1 infection of cytokine-treated FTOC. The bars represent the
percentages of thymocytes that were CD4� remaining in FTOC fol-
lowing HIV-1 infection or in the uninfected control FTOC (light por-
tions of the bars), plus the percentage that down-modulated CD4
(dark portions of the bars). The total height of each bar, therefore,
represents the percentage of CD4� or formerly CD4� thymocytes
remaining on the day shown, following FTOC infection with each
HIV-1 clone depicted or in the uninfected control (Uninf.).

FIG. 6. Induction of IL-10 and TGF-�1 expression in HIV-1-in-
fected, cytokine-treated FTOC. FTOC was infected with the X4 HIV-1
molecular clone, NL4-3, the R5 HIV-1 biological clone, P1, or not
infected. FTOC was maintained with IL-2, IL-4, and IL-7 for 12 days
with daily medium changes as described in Materials and Methods.
Cytokine production in FTOC medium was measured on days 4, 6, 9,
and 12 postinfection by commercial ELISA (R&D Systems). (A) The
results from a representative experiment are shown with adjacent bars
showing duplicate cultures. (B) The results shown are the averages for
three experiments, performed in duplicate, along with error bars de-
picting the standard errors of the means. Uninf., uninfected control.
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from a small piece of tissue in multiple wells, thereby facilitat-
ing multiple culture conditions.

TAC was incubated in complete medium with IL-2, IL-10, or
TGF-�1, and CCR5 expression was determined 4, 6, 8, 11, and
13 days postinfection by flow cytometry (Fig. 8A). CCR5 ex-
pression on CD4� thymocytes was maximal on day 11 post-
treatment with IL-2 or TGF-�1. IL-10 induction of CCR5
peaked on day 8 at the higher concentration used and on day
11 at the lower concentration. IL-10 and TGF-�1 both in-
creased CCR5 expression, primarily on CD4SP thymocytes,
but this increase was more pronounced for TGF-�1 (Fig. 8B).
Thus, the cellular response to HIV-1 infection of FTOC in-
cludes a loop whereby increased IL-10 and TGF-�1 production
induces CCR5 expression, which in turn may support further
rounds of HIV-1 infection, CD4� thymocyte depletion, and
new cytokine production. This cycle may allow efficient deple-
tion of CD4� thymocytes by R5 HIV-1, despite the fact that at
any given time few CD4� thymocytes express CCR5.

DISCUSSION

We analyzed the replication and CPE of four diverse, pri-
mary R5 HIV-1 clones in FTOC. We used R5 HIV-1 clones

from two individuals who progressed rapidly or normally to
AIDS and from two long-term nonprogressors (LTNP). FTOC
was also infected with the X4 HIV-1 molecular clone NL4-3 or
was not infected. When FTOC was maintained without adding
cytokines, we found that progressor-derived R5 HIV-1 clones
exhibited greater CPE than R5 HIV-1 clones from LTNP. The
progressor-derived clones also replicated better than R5
HIV-1 clones from LTNP. Similar results were obtained by
Blaak et al. on phytohemagglutinin-stimulated PBMC; the two
LTNP clones replicated slower than progressor clones, sug-
gesting that LTNP clones are less fit than progressor clones (5).
We and others have previously observed that LTNP-derived
HIV-1 clones replicate more slowly than progressor clones in
tissue culture and in SCID-hu mice (10, 18, 37, 47, 73). Certain
mutations or deletions in the HIV-1 nef gene have been shown
to correlate with LTNP status in some cases (14, 41, 42).
Sequencing of the HIV-1 nef genes from RP1, LTNP1, and
LTNP2, however, showed few mutations and none could be
associated with the progressor or LTNP status of the infected
individuals (5).

The pattern of CPE was quite different, however, when R5
HIV-1 clones from progressors and LTNP were used to infect
FTOC that was maintained in the presence of IL-2, IL-4, and

FIG. 7. Effect of IL-10 and TGF-�1 on CCR5 expression on CD4� thymocytes in FTOC. FTOC was maintained in the absence or presence
of IL-10 (2 ng/ml), TGF-�1 (2 ng/ml), or both cytokines with medium changes every second day. No other cytokines were used. CCR5 expression
on CD4� thymocytes was determined on day 7 by flow cytometry. (A) Representative dot plots for one of three independent experiments are
shown. (B) The average values obtained in three independent experiments are shown along with the standard errors of the means for each measure.
Mock, mock-infected control.
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IL-7. Under these conditions, R5 HIV-1 clones from pro-
gressors and LTNP were nearly equally cytopathic and rep-
licated to similar levels. The levels of viral replication
achieved by progressor- and LTNP-derived R5 HIV-1
clones in cytokine-treated FTOC was approximately 10-fold
greater than that achieved by progressor clones in untreated
FTOC. Moreover, all R5 HIV-1 clones depleted approxi-
mately the same percentages of CD4� thymocytes, altered
the CD4SP-to-CD8SP ratio similarly, and depleted approx-
imately the same numbers of DP, CD4SP, and CD8SP thy-
mocytes in cytokine-treated FTOC. The likely explanation
for these differences in the behavior of R5 HIV-1 clones in
FTOC with and without the addition of IL-2, IL-4, and IL-7
is that these cytokines induced CCR5 expression on thymo-
cytes. Overall, threefold more thymocytes expressed CCR5
and four- to fivefold more CD4SP cells expressed CCR5

when FTOC was maintained in the presence of the cyto-
kines. Several studies have shown or suggested that one
difference between more and less cytopathic R5 HIV-1
clones is their affinity for CCR5 (26, 62). Our results suggest
that the LTNP-derived HIV-1 clones we studied had lower
affinity for CCR5 than the progressor-derived clones, since
increased CCR5 expression may compensate for the lower
replication and CPE of the LTNP-derived HIV-1 clones.
Other mechanisms may also play a role in cytokine-medi-
ated enhancement of R5 HIV-1 replication and CPE in
FTOC. IL-2, IL-4, and IL-7 are important in thymocyte
development and may therefore contribute to viral replica-
tion by increasing thymocyte activation (reviewed in refer-
ence 68). IL-2, IL-4, and IL-7, either alone or in combina-
tion, also enhanced HIV-1 replication in isolated
thymocytes (58, 59, 63, 71, 72). The effects of these cytokines

FIG. 8. Effect of IL-10 and TGF-�1 on CCR5 expression on CD4� thymocytes in TAC. TAC was maintained in the presence of IL-7 (1 ng/ml)
and treated with either medium alone, IL-2 (20 IU/ml), or two concentrations of IL-10 and TGF-�1, as indicated. CCR5 expression on CD4�

thymocytes was determined on the indicated days following initiation of TAC by flow cytometry. (A) The average values obtained in a
representative experiment done in duplicate are shown with error bars indicating standard errors of the means. (B) Representative dot plots
showing expression of CCR5 on CD4SP thymocytes on day 11, when CCR5 expression peaked for cells treated with IL-2 (20 IU/ml), IL-10 (5
ng/ml), or TGF-�1 (5 ng/ml). Mock, mock-infected control.
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on viral replication in isolated thymocytes were also ex-
plained in part by their positive effects on CCR5 expression
on mature thymocytes.

All four R5 HIV-1 clones mediated greater CPE on the
CCR5� subset of CD4� thymocytes than on CCR5� CD4�

thymocytes. Conversely, the X4 HIV-1 clone NL4-3 was more
cytopathic for the much larger CXCR4� CD4� thymocyte
subset. NL4-3 infection spared some CCR5� CD4� thymo-
cytes, presumably since they did not express CXCR4. Never-
theless, the R5 HIV-1 clones significantly depleted CCR5�

CD4� thymocytes, indicating that they may have induced by-
stander CPE or CCR5 down-modulation. Alternatively, some
apparently CCR5� CD4� thymocytes may express low levels
of CCR5, which are not detectable by flow cytometry but are
sufficient to allow entry by these viruses. An analysis of CCR5
expression versus internal p24 expression indicated that CCR5
down-modulation likely did occur in some thymocytes follow-
ing infection with R5 HIV-1 as has been previously reported
(78). Taken together, our data indicate that while direct killing
of infected cells was likely the predominant mechanism of CPE
following R5 HIV-1 infection of FTOC, indirect killing may
also have played a role in thymocyte depletion.

Internal p24 staining showed that two- to fivefold more thy-
mocytes were infected with NL4-3 than with any of the four R5
HIV-1 clones. Nevertheless, similar levels of virus were pro-
duced by FTOC infected with R5 HIV-1 clones or NL4-3,
leading to the conclusion that the R5 HIV-1 clones produced
more p24 per infected cell than NL4-3. This may result from
infection of a greater diversity of cell types in FTOC by R5
HIV-1 than X4 HIV-1. These cell types may include medullary
stromal cells and macrophages, which, while relatively few in
number in the thymus, may produce a significant quantity of
HIV-1 (4).

HIV-1 infection of FTOC induced the production of IL-10
and TGF-�1, which have previously been implicated in induc-
ing CCR5 expression in monocytes, macrophages, and mono-
cyte-derived dendritic cells (8, 33, 39, 46, 67, 76, 77). PBMC
from AIDS patients was shown to produce more IL-10 than
PBMC from healthy donors (55). Moreover, IL-10 production
by PBMC and monocyte-derived macrophages could be in-
duced in vitro by Tat, Nef, gp120, or Gag (2, 8, 9, 55, 64).
Elevated levels of TGF-� proteins with increased expression of
TGF-�1 mRNA have been identified in HIV-1-infected indi-
viduals and can be induced by HIV-1 in PBMC, macrophages,
and astrocytes (25, 32, 40, 75). Both IL-10 and TGF-�1 in-
duced CCR5 expression on thymocytes at a concentration sim-
ilar to that measured in HIV-1-infected FTOC medium. Thus,
HIV-1 infection induces the production of IL-10 and TGF-�1
in FTOC, which then in turn increase CCR5 expression. This
increased CCR5 expression may play a crucial role in R5
HIV-1 infection in the thymus by making more cells available
for viral entry, replication, and CPE. Our results and those of
Jekle et al. suggest that CPE on infected cells is the major
mechanism of CD4� thymocyte and T-cell depletion by R5
HIV-1 strains (35). CCR5 expression may limit R5 HIV-1 in
the thymus just as it must in patients, since individuals het-
erozygous for the normal (CCR5�) and CCR5�32 alleles
progress to AIDS 1 to 2 years more slowly on average after
HIV-1 seroconversion relative to individuals with the CCR5
�/� genotype (15, 17, 52, 80). Our results suggest that the

small fraction of thymocytes that express CCR5 limits the
replication and CPE of R5 HIV-1 clones in the thymus. This
limitation can be overcome, however, by late-stage R5 HIV-1
clones, which induce the production of IL-10 and TGF-�1 in
the thymus, which in turn induce a greater fraction of thymo-
cytes to express CCR5 and thereby create more target cells for
R5 HIV-1 infection.
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